Based on the safety spark test apparatus, the short-circuit spark discharge (SCSD) characteristics of the simple capacitive circuit and switching converter are studied. It is pointed out that their SCSD process can be divided into four stages, that is, dielectric-breakdown stage, spark-generated stage, spark-maintenance stage, and spark-extinguish stage; moreover, there is different equivalent spark resistance in each stage. For the simple capacitive circuit, its spark resistance is larger and maintaining voltage is almost unchanged in the spark-maintenance stage. For the switching converter, its output short-circuit characteristics depend strongly on the load resistance and its maintaining voltage reduces rapidly with the decrease of the load resistance. The circuit model is proposed, which can simulate the output SCSD process of the switching converter. By using the least-squares method, the relationship expressions between the discharge duration and capacitance in each time-stage are derived and the corresponding equivalent resistance is obtained. The mathematical models are established, and the expressions of the discharge current and voltage are deduced. Experiment and simulation results are positive in the analysis showing the feasibility of the proposed models.
Introduction
Electronic equipment applied in flammable and explosive conditions must meet anti-explosive requirements. Intrinsic safety is the optimal means for anti-explosive requirements. Therefore, the electronic circuit and electrical equipment applied in the explosive and dangerous places are always designed to be intrinsic safety instead of others.
As for research on the intrinsic safety, the electronic circuit is usually divided into the simple capacitive circuit, the simple inductive circuit, and the complex circuit [1] . However, the inductor and the capacitor are the energy storage elements of the electronic circuit or electrical equipment. Once the inductor is disconnected or the capacitor is shortcircuit in the electronic circuits, the produced spark [2] [3] [4] [5] [6] from the storage elements may ignite the prescriptive gas or their mixtures [3, 5] and cause serious damage [6] . Therefore, it is very important to research the discharge characteristics of the inductor and the capacitor. These researches will help take effective measures to prevent igniting combustible and explosive gas.
At present, there are a lot of researches on the discharge characteristics of the inductive circuit, and the obtained research results [7] [8] [9] have important reference value. However, the research reports on the discharge characteristics of the capacitive circuit are less. In [10, 11] , only the discharge forms of the capacitive circuit were introduced. In [12] , the tentative researches on the mathematical expressions of the short-circuit voltage and current for the simple capacitive circuit were reported, but there were great differences between this theoretical analysis and experimental results obtained by using the safety spark test apparatus. In [13] , the short-circuit discharge characteristics of a simple capacitive circuit were analyzed, but the influence of the switching converter's load resistance on the discharge characteristics cannot be considered. In [14, 15] , the discharge characteristics of compound circuits were studied, but the discharge duration was not quantitatively analyzed. As for research on the intrinsic safety problem, the output of the switching converter can be regarded as a capacitive circuit [16, 17] . However, the output short-circuit discharge process of the switching converter is nonlinear and timevarying, and the related research reports are more rare. In [18] , the method is studied to improve the intrinsic safety performance through adding the cut-off type protection. In [19] , the output short-circuit spark discharge energy and output intrinsic safety criterion of buck converters are researched. But the influence of capacitance on the discharge duration was not considered in [18, 19] .
Mathematical Problems in Engineering
To solve the above problem, the SCSD characteristics of the simple capacitive circuit and switching converter are studied in depth, and a circuit and mathematical models which can simulate the SCSD characteristics are presented in this paper. The influence of the capacitance on the discharge duration will be analyzed. Figure 1 , where is the supply voltage, 0 is the charging current-limiting resistor, and is the equivalent resistance of the capacitor and the switch and lines, usually 0 ≫ .
Short-Circuit Discharge Characteristic of a Simple Capacitive Circuit
Suppose the switch in Figure 1 is a noncontact switch (such as Transistor, MOSFET). When the circuit is in steady state, the voltage across the capacitor is . If the switch is suddenly closed (suppose = 0), the capacitor-voltage is given by
Figure 3: Spark discharge experiment circuit of the capacitor.
where = , which is the discharge-time constant. The discharge curve of the capacitor is shown in Figure 2 , where ( ) is the capacitor-current and ( ) is the capacitorvoltage.
From Figure 2 , ( ) rises rapidly to the maximum when the capacitive circuit with noncontact switch is short-circuit. Then, ( ) and ( ) are exponentially decayed and the shortcircuit spark cannot be produced in the capacitive circuit with noncontact switch. Figure 1 is a contact switch (such as relay and two electrodes of the safety spark test apparatus), the short-circuit discharge characteristics are much more complex. Even for the same capacitor and supply voltage, because of the complexity of the discharge process and uncertainty of the short-circuit, each discharge process is not exactly the same. Therefore, a lot of experiments must be done to obtain the typical short-circuit discharge characteristics. The spark discharge experiment circuit based on the safety spark test apparatus is shown in Figure 3 , where is the safety spark test apparatus and ( ) is the spark discharge voltage.
Short-Circuit Discharge Characteristics of Capacitive Circuit with Contact Switch. Supposing the switch in
In the safety spark experiment of the capacitive circuit, the spark test methods are adjusted according to the parameters of the test circuit. For example, in order to guarantee enough charge time, the ignition interval of the tested circuit should be suitably extended by reducing the number of tungsten wires. During the experiment, the short-circuit discharge waveforms are recorded by using TDS3020. Figure 3 are closed, the energy from the power supply and the capacitor are discharged to the electrode gap. Since 0 is very large, the impact of the power supply on the capacitor discharge is ignored. The test waveforms are shown in Figure 4 . Through the statistical analysis of a large number of waveforms, the typical discharge current and voltage waveforms are drawn in Figure 5 . The SCSD process can be divided into four stages.
Stage I is dielectric-breakdown stage, from 0 to 1 . At the beginning of this stage, the electrodes are separated. When the electrodes start closing ( = 0 ), the distance between two electrodes is gradually shrinking. The dielectric is not broken down until the electrode-distance is reduced to the dielectricbreakdown distance. Then, the capacitor-current rises rapidly and the electrode voltage lowers rapidly from the open-circuit voltage. At the end of this stage, the SCSD current reaches the maximum value.
Stage II is spark-generated stage, from 1 to 2 . The SCSD current and voltage of the capacitive circuit rapidly decrease in this stage, till the current decreases to a very small value and the voltage reduces to a relatively stable value. Simultaneously, the discharge spark is generated in this stage.
Stage III is spark-maintenance stage, from 2 to 3 . In this stage, the spark resistance reaches a larger value and is almost unchanged. Only small current flows through the spark discharge circuit. The spark-maintenance voltage of the interelectrodes decreases slowly to the minimum ( ,min , typical range is 8∼10 V). The duration of spark discharge depends strongly on the capacitance.
Stage IV is spark-extinguish stage, from 3 to 4 . In this stage, two electrodes are completely closed due to external force at the end of the short-circuit discharge. The electrode voltage drops to zero andthe residual energy stored in the capacitor is released; the second peak of the spark discharge current appears. But the released energy is mainly absorbed by the resistance and electrodes of the capacitive circuit.
(b) Short-Circuit Discharge Characteristics of the Capacitive Circuit with Contact Switch. From Figures 4 and 5, it is
found that The SCSD current and voltage have fast change during the short-circuit discharge of the capacitive circuit. In addition, the higher the capacitor-voltage, the greater the peak current of the spark discharge. During the shortcircuit discharge, the released energy is smaller in stage III but larger in other stages. In stage IV, two electrodes are completely closed, and the released energy is mainly absorbed by the resistance and the electrodes. Consequently, the spark discharge energy of the first two stages is the main energy to ignite flammable and explosive gas. The duration in stages I and II is much shorter with respect to the whole discharge process.
According to the above analysis, the release of the shortcircuit discharge energy in the capacitive circuit is strongly concentrated; therefore, it is easy to ignite flammable and explosive gas. For igniting explosive gas, the instantaneous power must be particularly considered besides the spark discharge energy; that is, the short-circuit spark discharge must have enough both large energy and power to ignite flammable and explosive gas. Therefore, when the spark discharge power is smaller, it is hard to ignite the explosive gas, even if the discharge duration is very long (low voltage and large capacitance).
Output Short-Circuit Discharge Characteristics of the Switching Converter
A switching converter belongs to a typical nonlinear system, which consists of inductor, capacitor, and nonlinear switches; moreover, there are various working states and operating modes. Because the output of a switching converter has a large filter capacitor, it can be regarded as a capacitive circuit from the output of the switching converter, as shown in Figure 6 . Where is a load resistance, the other parameters are the same as parameters in Figure 1 .
The short-circuit discharge characteristics of the switching converter are more complicated than a simple capacitive circuit, which will be discussed in detail in the following sections.
The explosive experiments are carried out for the output of the switching converter through the spark test apparatus based on IEC standards. Typical output short-circuit discharge current and voltage waveforms of buck converter are shown in Figure 7 . Comparing Figure 7 with Figure 4 , it is found that they have some similarities. The output short-circuit discharge process of the switching converter can be also divided into four stages (shown in Figure 7) , that is, dielectricbreakdown stage, spark-generated stage, spark-maintenance stage, and spark-extinguish stage. But there are main differences in spark-maintenance stage and in spark-extinguish stage. Detailed description is as follows.
(1) In the spark-maintenance stage, the reducing speed of the maintaining voltage becomes faster with the decrease of the load resistance. It is mainly caused by a parallel connection of the output capacitor and the load resistance. The spark discharge characteristics may be regarded as an equivalent spark resistance when the spark is produced. From the test waveforms in Figure 7 , we can see that the spark discharge current is very small, even if the spark discharge voltage is higher. Thus, the spark resistance is larger and up to about hundreds and even thousands ohm. Because the load resistance is much smaller than the spark resistance, the part energy storied in the capacitor is consumed by the load resistance. This results in the reducing of the maintaining voltage.
(2) In the spark-maintenance, the minimum spark-maintenance voltage also becomes smaller due to the load resistance.
(3) In the spark-extinguish stage, the maximum current decreases because the minimum spark-maintenance voltage becomes smaller.
Therefore, when the output of the switching converter is short-circuit, the output short-circuit current and the minimum maintaining voltage reduce with the decrease of the load resistance. The SCSD characteristics depend strongly on the load resistance.
Modeling Analysis of the
Output Short-Circuit Discharge of the Switching Converter
Model Circuit of the Short-Circuit Discharge Characteristics.
As shown in Figure 7 , the output short-circuit discharge characteristics of the switching converter are nonlinear. The spark resistance in each stage is different. In stages I and II it is smaller and larger in stage III. To get the model circuit simulating the short-circuit discharge process, using . max and . min in Figure 7 as the dividing point, the output short-circuit discharge process of the switching converter can be divided into 3 time-stages, as shown in Figure 7 , where the spark resistance in both 1 timestage (from 0 to 2 ) and 3 time-stage (from 3 to 4 ) is very small.
For 2 time-stage (from 2 to 3 ), the spark resistance is in parallel with . Because the spark resistance is far greater than , the equivalent spark resistance is approximately equal to the load resistance ( ).
1 , 2 , and 3 in Figure 7 represent the duration of each time-stage, respectively.
According to the above analysis, a model circuit, which can simulate the output SCSD process of the switching converter, is proposed, as shown in the dotted box in Figure 8 . In Figure 8 , 1 and 1 , 2 and , and 3 and 3 are the discharge duration and the equivalent resistance (the sum of , spark resistance, and load resistance) in 3 time-stages, respectively; is the initial capacitor-voltage; is a diode; 1 and 2 are the noncontact switches;
. min and . max are the minimum and maximum spark-maintenance voltage, respectively; ( ) and ( ) are the capacitor-voltage and capacitor-current during the discharge process, respectively. Each current-flowing loop in Figure 8 can simulate the spark discharge process corresponding to 3 time-stages ( 1 , (1) 1 time-stage: when ( ) > . max , is conductive, and 2 is shutdown. The discharge current flows through both 1 and . Due to ≫ 1 , where 1 is the equivalent resistance of the capacitor and the switch and line, the current flowing through can be ignored. Therefore, the discharge resistance is approximately equal to 1 , which is very small. (2) 2 time-stage: when . min < ( ) < . max , is cut-off, and 2 is still in shutdown. The discharge current is only through , and the discharge resistance is .
(3) 3 time-stage: when ( ) <
. min , the comparator produces a high level, 2 is on, and continues to be cut-off. The discharge current flows through both and 3 . Owing to ≫ 3 , where 3 is the equivalent resistance on the line, the discharge resistance is approximately equal to 3 , which is also very small.
The above analysis shows that the proposed model circuit may simulate the whole output short-circuit discharge process of the switching converter.
Parameters Determination of the Equivalent Circuit.
In the 1 time-stage, supposing that the initial value ( ) and end value ( . max ) of the capacitor-voltage ( ( )) are known, as soon as the relationship between 1 and the circuit parameters is obtained, the value of 1 can be determined, and then the discharge characteristic expressions can be derived.
In the 2 time-stage, ( ) decreases linearly from . max to . min . To obtain the expressions of the discharge characteristics, the relationship between 2 and the circuit parameters must be also found out.
In the 3 time-stage, two electrodes are completely closed. Therefore, the discharge characteristics can be regarded as the short-circuit discharge of a capacitive circuit with noncontact switch. 3 is the sum of all equivalent resistance, such as the capacitor, the lines, and the internal resistance of spark test apparatus.
In order to obtain the mathematic model of the output short-circuit discharge of the switching converter, the expressions of the duration ( 1 and 2 ) with the external parameters must be found out.
There are many factors to affect the discharge duration, where the capacitance and the initial capacitor-voltage are the most important factors. Only the impact of these two factors on the discharge duration is discussed in the following section. Figure 9 . From Figure 9 , we can see that the discharge durations 1 and 2 only slightly increase when the initial capacitorvoltage increases from 15 V to 27 V. For the electrical and electronic equipment, its power supply voltage is not usually too high. So 1 and 2 can be regarded as independent of the initial capacitor-voltage in the range of 15 V to 27 V.
(a) Impact of Initial Capacitor-Voltage on the Discharge

(b) Relation between Discharge Duration and Capacitance.
The short-circuit spark test is made with different capacitors. For each capacitor, the discharge test is carried out for 10 times. And their average value is used as the final discharge duration. At last, the corresponding relationship between the duration ( 1 and 2 ) and the capacitance can be obtained. The experimental curves are shown in Figure 10 (where = 18 V). From Figure 10 , we can see that the discharge duration becomes longer with the increase of the capacitance, and the two parameters are approximately linear relationship.
(c) Determination of the Discharge Duration. From the above analysis, the impact of the initial capacitor-voltage on the discharge duration may be ignored. The discharge duration depends mainly on the capacitance and the discharge duration and the capacitance are approximately linear. Therefore, the linear function can be used as the curve fitting. Suppose In (2), 0 is the intersection of the capacitance function curve and time axis, 1 is a slope of the function curve, and is the capacitance.
Through using the least-squares method of the curve fitting, suppose the sum of error's square is
In (3), when = (= 0, 1, . . . , ), is the experimental data of 1 and is experiment time for different capacitance, so the fitting curve of 1 ( ) is transformed into the problem solving the minimum value of multivariate function.
Letting / 0 = 0 and / 1 = 0, the linear equations about 0 and 2 are given by 
Thus, 0 = 2.35, 1 = 1.02, so 1 ( ) = 2.35 + 1.02 .
In (7), the unit of is F and the unit of 1 is s.
Note that the discharge duration should be zero in = 0, but 1 ̸ = 0 in (7). In actual circuit, the capacitance is not zero; therefore this does not affect its application. So (7) is feasible.
Similarly, the relationship expression between 2 and is 2 ( ) = −6.63 + 6.40 .
Through testing and simulating, the fitting curve is very close to the experimental curves, as shown in Figure 10 .
Mathematical Model of the Output
Short-Circuit Discharge Characteristics of the Switching Converter
Mathematical Analysis of the Output Short-Circuit Discharge Characteristics of the Switching Converter.
From the above analysis, the whole output short-circuit discharge characteristics of the switching converter can be described through mathematical expressions. As shown in Figure 7 , in the 1 time-stage, the duration is 1 , and capacitorvoltage reduces rapidly from the initial voltage ( ) to sparkmaintenance voltage ( . max ). At the same time, capacitorcurrent rises rapidly to the maximum value and then drops quickly to the minimum value (close to zero). Because of ≫ 1 , the equivalent resistance is approximately equal to 1 . According to the above analysis, ( 1 ) is given by
Combined with (7) and (9), 1 and 1 are given as follows:
In (11), = (ln( . max / )/(2.35 + 1.02 )).
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According to (9)∼(11) and ( ) = ( ( )/ ), the capacitor-voltage and capacitor-current can be expressed as
where "−" means that the capacitor is in discharge.
In the 2 time-stage, the discharge resistance is far greater than the load resistance , so the equivalent resistance is very close to the load resistance .
In this stage, the change of the capacitor-voltage is in the range of . max to . min , and the short-circuit discharge voltage curve of the capacitive circuit can be approximately regarded as a linear decrease. The spark current is quickly dropped from the initial value at 2 moment to a very small value (approximate zero). Experiment results show that the decreasing speed of the spark current is approximately the same as that of the 1 time-stage. Thus, the expressions of capacitor-voltage and capacitor-current are given by
3 time-stage is spark-extinguish stage. According to the analysis of Section 4.2, the expressions of capacitor-voltage and capacitor-current are given by
In (14), 3 is the total resistance of the discharge circuit of the safety spark test apparatus after two electrodes are closed. Usually, 3 is 0.5 Ω.
Mathematical Modeling of the Output Short-Circuit Discharge Characteristics of the Switching Converter.
According to (9)∼(14), the mathematical model of the output shortcircuit discharge characteristics of the switching converter can be given as follows (supposing initial moment = 0).
(1) When 0 ≤ ≤ 2.35 + 1.02 , the voltage and current of the capacitor are expressed as
where = (ln( . max / )/(2.35 + 1.02 )).
(2) When 2.35 + 1.02 < ≤ −4.28 + 7.42 , the voltage and current of the capacitor are given by 
Using the established mathematical model to simulate the output short-circuit discharge characteristics of the switching converter, the output short-circuit discharge curve can be obtained, as shown in Figure 11 .
Additionally, the output short-circuit discharge experiments of the switching converter are done by using the safety spark test apparatus based on IEC standard. The experimental waveforms of voltage and current are shown in Figure 7 .
From Figures 11 and 7 , the spark-maintenance duration is about 45 s. However, the discharge peak-current obtained in the experiments is smaller. The main reason is that the elements in the mathematical model are regarded as the ideal components, and some parasitic parameters of the circuit are ignored, such as the parasitic parameters in the circuit components of actual test and parasitic resistances on the line. After these factors are considered, the simulation waveforms can agree well with the experimental waveforms in Figures 11  and 7 . It is illustrated that the proposed mathematical model is accurate and feasible.
Conclusions
(1) Comparing with the noncontact capacitive circuit, the short-circuit discharge process of the capacitive circuit with contact switch is more complicated, where the SCSD can be produced. (2) As for a simple capacitive circuit with contact switch and the switching converter, the short-circuit discharge process can be divided into four stages: dielectric-breakdown stage, spark-generated stage, spark-maintenance stage, and spark-extinguish stage.
(3) In the spark-maintenance stage, the spark discharge current is smaller, and there is a larger equivalent spark resistance. As for a simple capacitive circuit, the maintaining voltage is almost constant. However, the maintaining voltage reduces rapidly with the decrease of the load resistance for the switching converter. At the same time, the smaller the load resistance, the lower the minimum maintaining voltage.
(4) The spark discharge energy during the dielectric breakdown stage and sparks production stage is larger and is also the main energy to ignite the flammable and dangerous mixture.
(5) The output short-circuit discharge process can be divided into 3 time-stages in the establishing of mathematical analysis model. The discharge duration becomes longer with the increase of the capacitance in each time-stage, but it is unrelated to the initial capacitor-voltage.
(6) The proposed model circuit can simulate the output short-circuit discharge process of the switching converter. Equivalent discharge resistance is obtained in each time-stage. Moreover, equivalent resistance is smaller in the 1 and 3 time-stages, while it is larger in the 2 time-stage.
The proposed mathematical models can simulate the short-circuit discharge process of the switching converter. The analytic expressions of the current and voltage are obtained. The simulation and experimental results show that the established model can simulate the output short-circuit discharge characteristics of the switching converter.
The obtained conclusions can provide theoretical guidance for designing the intrinsic safety switching converter.
